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1. Introduction 
Construction of a complete model of the Escheri- 
chia coli 30 S ribosomal subunit requires information 
about the secondary and tertiary structure of 16 S 
rRNA in the 30 S particle [l] and about its spatial rela- 
tionships with the twenty one 30 S proteins. Numer- 
ous experimental approaches have been used in 
attempts, so far only partially successful, to obtain 
this information. W-induced crosslinking which iden- 
tifies regions of direct contact between RNA and pro- 
tein is a useful technique for the analysis of the spatial 
relationships between the components of the ribosome 
but it appears to be limited for technical reasons to a 
small number of ribosomal proteins [2-51. This limi- 
tation has spurred the recent development of several 
new bifunctional chemical [6,7] and photochemical 
[8,9] reagents for protein-RNA crosslinking. Here 
we describe the use of l-ethyl-3dimethylaminopropyl 
carbodiimide (EDC) for RNA-protein crosslinking. 
This reagent possesses the advantages of commercial 
availability and ease of handling and when used under 
optimum conditions, of high efficiency. 
2. Materials and methods 
2 .I. Reagents 
Ribonuclease T 1 (EC 3 .1.27.3) and Ribonuclease A 
(EC 3.1.27.5) were supplied by Sigma; ED (1-ethyl3- 
dimethylaminopropyl carbodiimide) was purchased 
from Merck. 
2.2. Preparation of ribosome and ribosomal subunits 
Unlabelled and 35S-labelled ribosomes and ribosomal 
subunits were prepared from E. coli MRE 600, as in 
[ 101 and stored at -70°C in suspension in 50 mM tri- 
ethanolamine, 10 mM Mg-acetate, 50 mM KCl, 10 mM 
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2-mercaptoethanol (pH 7.4). The specific activity of. 
35S-labelled 30 S subunits was 3-4 X 10’ cpm/Az6,,. 
2.3. Reaction with EDC 
Reaction was carried out in 0.5 mM sodium caco- 
dylate buffers (pH 5.5-7) containing 50 mM KCl, 
and 0.5-20 mM MgC12. Suspensions of 35S-labelled 
plus unlabelled 30 S subunits (5-20A&ml, spec. 
act. 0.5-l X lo6 cpm/A2&, brought to the desired 
reaction conditions by dialysis (45 min, 4°C) against 
200-500 vol. 0.5 mM Na-cacodylate, 50 mM KCl, 
0.5 mM MgClz (pH 6) followed by the same volume 
of the chosen reaction buffers, were incubated for 
30 min at 40°C. Freshly prepared solutions of EDC, 
0.5 M in the rehction buffers were then added to 
obtain the desired final concentrations of EDC and 
the mixtures were incubated at 25°C for 50 min. 
Reaction was stopped by adding Mg-acetate to 20 mM 
and NH4CI to 0.3 M (final cont.) for I h at room tem- 
perature against 2 X 100 vol. 0.5 mM Na-cacodylate, 
20 mM Mg-acetate, 0.3 M NH4Cl to remove excess EDC. 
2.4. Separation of crosslinked RNA-protein complexes 
from uncrosslinked proteins 
After dialysis to remove excess EDC reaction pro- 
ducts were adjusted to 10 mM triethanolamine-HCl, 
0.1 M LiCl (pH 7.5) by dialysis against this buffer; 
adjusted to 0.1% SDS and then heated for 1 min at 
40°C to disrupt the 30 S subunit. Free RNA and 
RNA-protein complexes were separated from the 
bulk of uncrosslinked proteins by sedimentation 
through a 2.5% sucrose cushion in the same buffer 
(SW50 rotor, 35 000 rev./min, 15 h, 10°C). The pellet 
was resuspended in the bottom 200 1.11 of the cushion, 
the suspension was sedimented through a 5 ml 5-20% 
sucrose gradient in the same buffer (SW50 rotor, 
45 000 rev./min, 5 h, lO’C), and the 16 S rRNA con- 
taining fractions of the gradient were pooled. Effi- 
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ciency of crosslinking was determined by measuring 
specific activities (cpm/A & of fractions through the 
16 S peaks and expressing them as 7( of the specific 
activity of the original 30 S subunits. 
2.5. Atlalysis oj’crosslinked RNA-proteirl complexes 
Crosslinked 16 S rRNA protein complexes were 
precipitated (30 min, -2O“C) from pooled sucrose 
gradient fractions after addition of carrier 16 S rRNA, 
NaCl to 0.1 M final cont. and 2 vol. ethanol. Precipi- 
tated material was recovered by centrifugation, dis- 
solved in 5 mM Na-acetate, 2.5 mM EDTA, 6 M urea 
(pH 5.6) (100 pl/A2,& and cold carrier 30 S proteins 
(100-200 pg) were added followed by 15 pg each of 
RNase Tl and RNase A. The mixture was placed in a 
dialysis bag and RNA was digested for 3 h at 37°C 
during dialysis against 2 X 200 vol. of 5 mM Na-ace- 
tate 2.5 mM EDTA, 6 M urea (PH 5.6). Protein-oligo- 
nucleotide complexes were precipitated from the con- 
tents of the dialysis bag by addition of 5 vol. acetone, 
and precipitates were resuspended in 8 M urea at 
5-l 0 mg/ml and samples containing 100 pg of carrier 
30 S proteins and labelled crosslinked proteins were 
analysed by two-dimensional polyacrylamide gel elec- 
trophoresis as in [ Ill. 
2.6. Autoradiography 
After electrophoresis and staining with Coomassie 
brilliant blue to detect carrier 30 S proteins, gels were 
either dried for autoradiography, or prepared for flu- 
orography as in [ 121. Radioactive spots localised by 
autoradiography were excised, rehydrated in 2% acetic 
acid, digested overnight at 60°C with 0.4 ml 110 vol. 
HzOz and their 35S content measured by scintillation 
counting. 
3. Results 
3 .l . Optimm conditions for protein-RNA cross- 
lirl king 
Because of its relatively large size access of EDC to 
at least some carboxylic groups in ribosomal proteins 
is likely to be enhanced by conditions which lead to 
an open ribosomal structure, i.e ., a low concentration 
of divalent cations. In addition since it is positively 
charged its access to the neighbourhood of the nega- 
tivelycharged phosphate backbone of ribosomal RNA 
will be favoured by the absence of a high concentra- 
tion of positively charged counter ions. For these 
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reasons media containing low concentrations of Mg2+ 
and K’ were used to study the characteristics of the 
crosslinking reaction. Cacodylate was chosen as the 
buffer for 3 reasons: 
(i) Its low pK permits analysis of the reaction below 
pH7; 
(ii) Its use is expected to minimize side reactions 
involving activation of the buffer which could 
lead to modification of protein and/or RNA; 
(iii) Most importantly, carbodiimides have long half- 
lives in cacodylate buffer [ 131 e.g., the half life 
of 1 -cyclohexyl3-(2 morpholino-4ethyl)carbodi- 
imide methop-toluene sulfonate in 0.1 M Na-cac- 
odylate (pH 6) is 1 h at 3O”C, and is increased to 
5 h by reducing the buffer concentration to 
0.01 M. 
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Fig.1. Effect of pH on protein-RNA crosslinking. “S-Labelled 
30 S subunits were treated with 10 mM EDC m 0.5 mM 
Nacacodylate; 0.5 mM Mgacetate, 50 mM KC1 buffers at the 
indicated pH values (section 2). After reaction, excess EDC 
was scavenged by addition of Mgacetate 20 mM and methyl- 
amine 30 mM and incubation for 15 min at 20°C. Crosslinked 
products were then isolated and analysed as in section 2 and 
the % of 35S-labelled proteins linked covalently to RNA was 
determined. The vertical bars indicate the spread of specific 
activity through the 16 S peaks in sucrose gradient analyses. 
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3 .I .l . Effect of pH 3 .1.2. Effect of cation concentration 
The optimum pH for activation of a carboxyl group 
is close to its PK. Since the pH in the locality of pro- 
tein carboxyl groups will vary as a function of their 
environments a broad pH optimum probably situated 
between pH 5 and 6 is expected. Fig.1 shows that the 
pH optimum for the crosslinking reaction is below 6. 
SDS-sucrose gradient sedimentation (section 2) of 
reaction products formed at low pH (<6) reveals the 
presence of large amounts of 35S-labelled material 
sedimenting faster than 16 S rRNA (not shown). This 
material probably contains complexes formed by 
crosslinking of two or more proteins to the same 16 S 
rRNA and possibly complexes of the type RNA-pro- 
tein-RNA formed by interparticle crosslinks. Its pres- 
ence prevents accurate measurement of the specific 
radioactivity of material sedimenting at 16 S. To avoid 
this contamination without excessive loss of cross- 
linking efficiency further experiments were carried 
out at pH 6.5. 
The effect of [Mg”] on crosslinking at pH 6.5 is 
shown in fig.2. As can be seen the crosslinking yield 
increases rapidly at <,2 mM Mg*+. Several effects of 
low [Mg*+] probably contribute to this stimulation: 
unfolding of the 30 S particle improves the accessibil- 
ity of protein carboxyl groups, reduced binding of 
Mg*’ phosphate groups raises the negative charge on 
16 S rRNA which facilitates the approach of positively 
charged EDC, and reduces the local pH which increases 
the reactivity of carboxyl groups towards EDC. Work 
is in progress to determine whether or not the same 
30 S proteins and the same aspartyl and glutamyl resi- 
dues are involved in crosslinking at high and low [Mg”]. 
3 .I .3, Effect of EDC concentration 
Fig.3 shows that the overall efficiency of cross- 
linking is roughly proportional to [EDC] at >lO mM 
(pH 6 5). Control experiments have shown that high 
EDC concentrations do not lead to formation of large 
crosslinked complexes of the type observed in reac- 
tion products formed at pH <6 (section 3.1 .l). 
T 1 I 
MgCI, mM 
Fig.2. Effect of [Mg”] on protein-RNA crosslinking. “‘S- 
Labelled 30 S subunits were treated with 10 mM EDC in 
0.5 mM Na-cacodylate, 50 mM KC1 (pH 6.5) containing the 
indicated [MgCl,]. Reaction products were analysed and the 
% of 35S-labelled proteins crosslinked to RNA were calculated 
as in the legend to fig.1. The vertical bars have the same sig- 
nification as in fig.1. 
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Fig.3. Effect of EDC concentration on protein-RNA cross- 
linking. YGLabelled 30 S subunits were treated with the indi- 
cated [EDC] in 0.5 mM Nacacodylate, 0.5 mM Mg-acetate, 
50 mM KC1 (pH 6.5). Reaction products were analysed and 
the % of 3SS-labelled protein bound to 16 S rRNA was calcu- 
lated as in the legend to fig.1 (as Mg-acetate was present in 
the reaction mixtures, the true [EDC] during the reaction 
were 9,40, and 99 mM). The vertical bars have the same sig- 
nification as in fig.l. 
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3.2. Analysis of crosslin ked RNA -pro teirz complexes 
The products of RNase digestion of crosslinked 
16 S rRNA-protein complexes are 30 S proteins car- 
rying small oligonucleotides and their electrophoretic 
properties are expected to differ slightly from those 
of the free proteins because of their increased negative 
charge (phosphate groups) and Mr. The two dimen- 
sional gel system used for their analysis (first dimension 
in 8 M urea (pH 4.5); second dimension in the pres- 
ence of SDS) was chosen to minimize these differences. 
Comparison of the stained spots of carrier proteins 
and the radioactive spots revealed by autoradiography 
I 
‘r 
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11 16 
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Fig.4. Efficiency of crosslinking of individual 30 S ribosomal 
protein. Radioactive spots detected by autoradiography of 
dried twodimensional gels were cut out, rehydrated, treated 
with H,O, and their “‘S contents counted as in section 2. 
Regions in the dried gels corresponding to the positions of 
30 S proteins which did not contain sufficient radioactivity 
to produce visible spots on the autoradiograph were also cut 
out and treated in the same way. The radioactivity measured 
in each protein was normalised by division by the number of 
sulfur atoms in the protein. Protein Sl was not well resolved 
and the corresponding spot was not cut out, proteins S9/Sll, 
and S15, S16, S17 were poorly resolved and were cut out of 
gels as single regions. The specific activity values for these 
regions shown in fig.4 were calculated for S9 (3 S atoms) and 
S15/S16 (1 S atom). 
of the same gels permits tentative identification of the 
latter. To evaluate the crosslinking yield for each pro- 
tein radioactive spots were cut out of the dried gel, 
and their radioactivity measured as in section 2. The 
results expressed as radioactivity/sulfur atom in the 
various proteins are shown in fig.4. Proteins S4, S5, 
S7, S13 and S18. Reaction with EDC introduces pro- 
tein-protein as well as protein-RNA crosslinks. 
Because of the technique used to isolate protein- 
RNA complexes the presence of small protein-protein 
complexes in reaction products can be tolerated. How- 
ever larger complexes of this type which are formed 
at high [EDC] are isolated with protein-RNA com- 
plexes and interfere with their analysis. 
Further work is in progress to complete the iden- 
tification of crosslinked proteins and to localise the 
sites of crosslinking in these proteins and in 16 S 
rRNA. This crosslinking method seems likely to yield 
extensive information about ribosome structure. It 
may also produce information concerning preferred 
RNA-protein interactions. The number of interac- 
tions between the carboxyl group and nucleic acid 
bases is limited in model systems in vitro [21,22]. 
EDC crosslinking studies may lead to identification of 
those interactions which occur in viva. 
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